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Fineness modulus.
Modulus of uniformity.
S . A. /Gm. 1 Surface area In square centimeters per gram.
era « Cubic feet per minute.
G/cc. « Grans per cubic centimeter.
Kh factor • A disc constant which indicates the number
of watt-hours passing through the meter per
disc revolution.
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ftmill Is used throughout the silling Industry for slse reduction.
A conservative estlaate is that the hum— i mill wss used to grind over 20 million
tons for the feed industry in 1960 (3). Figured on the basis of an average
cost of two dollars per ton for grinding, two million dollars could be saved
if efficiency could be improved only five per cent.
Results of research to determine the affect of various factors on the
performance of a 1mmmpierf.il have not been published extensively, many of
these results published deal only with such things as moisture content and
screen slse without questioning menulecturer's recommendations on factors such
as speed of the mill and hammer width.
there are many factors which affect the performance of a hammernd.ll; seme
of these are: motor horsepower, screen area, moisture content of the material
being reduced, kind of grain, location of feed intake, hammer tip and screen
clearance, number of hammers, seed rate, peripheral speed, hammer width, all-
ow, diameter of screen opening, air flow through the mill, and mechanical
condition of the mill.
The peripheral speed refers to the actual tip speed of the hammers.
(Revolutions per minute are only an Indication of the actual mill speed since
peripheral speed is also a function of the diameter of the rotor.) It is this
speed that imparts energy to the material being reduced, so it Is not unreason-
able to assume that the amount of reduction should be some function of the
speed.
It is the hammer tips that strike the material being ground and Impart
energy to It, the design and thickness of the hammers will certainly affect
the efficiency and the fineness of grind.
Certain grains will grind more easily than others because of their struc-
ture end composition. High fiber grains will not break apart as easily as
grains with a high starch content. The diameter of the screen opening has a
direct relation to production and coarseness of the product. It is thought
that air flow through the mill aay effect the efficiency of the mill and the
granulation of the product. If e lerge volume of air Is pulled through the
mill one might expect to receive greater efficiency and a coarser product.
The purpose of this resesrch was to study the effect of peripheral speed,
hammer thickness, diameter of screen opening, kind mf grain, and air flow
through the mill. These factors were chosen for study because of their
importance: ami the mtai Em of information concerning this subject.
MfUW OF LITERATURE
Peripheral Speed
Frledrlch (7) states that "impact velocity is one of the most
factors in pulverising herd and large pieces" and further stated that "for any
hammered11 there is an important relationship between speed of rotation end
eepsclty." Duffee (5) asserted that correct speed is e matter of prime
Importance.
There is some disagreement, however, »» to the effect of speed on
efficiency. Rendrix (8) and Fenton and Logan (6) reported more efficiency at
higher speeds, while Krueger (9) shows that efficiency Increased as the speed
decreased though not in direct proportion. Be noted that "a larger screen at
higher speeds amy produce the same product es smaller screens st slower speeds,
and more efficiently."
Silver (11) showed that speeds of 14,000 to 15,000 feet per minute are
much above the most critical or economical point. Be further indicated that
the aoat efficient peripheral apeed is between 7,000 and 9,000 feet per minute
while mtlla do more uniform grinding at slower apeeda. Duffee (5) and Fenton
ami Logan (6) reported that apeeda of 13,000 to 14,000 feet par minute ere
optimum. Bruhn (4) stated, "A tip apeed of 12,000 to 15,000 feet per minute
may be required and it la doubtful if the apeed is too high." Priedrich (7)
reported a grinding apeed of 12,600 to 19,800 feet per minute waa required for
feed materials.
All researchers agree that a alower apeed produces e coarser product.
thorns (12) stated that "the product fineness is directly proportional to
peripheral apeed."
Zt should be noted that moat researchers were operating the blower on a
direct connection with the ti earnermill abaft and could not alow the mill down
beyond the critical point of conveying the material away from the mill. Aa
stated by Silver (11), "If the speed of the. mill la reduced much below its
rated rpm, trouble may result from the inability of the fan to elevate the
material."
Rammer Thickness
Hammer design is an important factor in the design of e hammer mill.
Wear usually occurs at the tip of the hammer, consequently some hammers ace)
manufactured ao that the hammara may be turned edge for edge and end to end.
This arrangement allows for lour wear surfaces and is more economical than
acquiring a nam hammer when one edge wears out.
-Y There is en advantage to reducing hammer width aa far aa production and
efficiency are concerned. Friedrich (7) reported that, by reducing hammer
thickness from 8 mm to 3 mm, capacity and efficiency was increased by 15 per
ir (3) shaved that when 1/8 inch vide haaaers were substituted for
1/4 inch wide haaaers, efficiency increased 23 j>er cent for grinding corn.
When 1/16 inch wide banners were used instead of 1/8 inch wide banners, there
wee an average increase of 19 per cent.
Disaster of Screen Openings
Efficiency increases as the screen openings ere enlarged (3), because the
sd.ll is doing less work per unit weight of Material being reduced.
The fineness of grind can be controlled by the else of screen.
Kind of Grain
Since grain coapoeition varies ss to starch end fiber content, there is
a difference in the power required to reduce the various grains. In general,
the cereal grains with higher starch contents and less fiber are easier to
grind. Silver (11) found that oat was harder to grind than barley, and that
com was the easiest. Baker (3) substantiates these results by showing that
the eesiest to grind is grain sorghun, followed by corn end oat.
Air now Through the Mill
The amount of air flowing through the atll aey affect the aanner in Which
particles strike iapact surfaces. Priedrich (7) indicates an optimla value of
about 4,000 cu aetere per hour per square aster of screen surface.
MATERIALS AND METHODS
Corn, alio and oata were used in the grinding tests. These grains were of
good coanercial quality and uniformity. The grains were cleaned in a receiving
aystea to reaove large extraneous aaterial. After cleaning, the grains were
placed In * large storage bin and transferred to a small holding bin (13.8
cubic feet) above the hammermill for the grinding teats. Samples of all whole
grains were taken at Intervals throughout the tests. Froa thaee samples, test
weight, aoisture content, and absolute density were determined. The moisture
determinations were made by Prof. 6. D. Killer of the department according to
the official A.O.A.C. air oven method. Absolute density determinations were
made by a toluene method to be described later.
—chine Specificationa . A Prater G. S. 5 lis—aiil.ll was used for all
grinding tests.
(e) Power Source • 7 1/2 h.p., 220-440 volt, 3 phase, 1760 r.p.m.
(b) Rotor Width - 12 7/8 Inches (outside hammer to outside
(c) Rotor Diameter - 15 3/8 inches (hammer tip to hammer tip).
(d) Rotor Speed (Recommended) - 3525 r.p.m.
(e) Peripheral Speed (Recommended) - 14,165 feet per minute.
(f) Screen Slsea - 3/32", 1/8", 3/16", and 1/4" (diameter of r
openings).
(g) Screen Area - 434 square inches.
(h) Humber of Openings in Screens - 3/32 inch screen » 19,500;
3/16 inch screen - 5,952; 1/8 inch screen - 13,520; 1/4 inch
screen - 3,404.
(1) Screen Location e lower 180 degrees.
(j) Feed Inlet - top-center of machine.
(k) Feed Control - variable epeed vane type volumetric ft
1/2 h.p. motor.
(1) Exhaust Fan - 3 h.p. motor.

PLATE I
(n) Hammer Designs - .
(1) 1/16" x 1 1/4" x 5 11/16" - 3 rows of 15 hammers per row.
(2) 1/8" x 1 1/4" x 5 11/16" - 3 rove of 15 hammers per row.
(3) 1/4" x 1 1/4" x 5 11/16" - 3 rows of 10 tuners per row.
(a) Spacing between Screen end Heaver Tips - 1/8" to 3/16".
A vane-type volumetric feeder controlled the feed going to the hammermill.
A 50 sapors scale ammeter and a watt-hour meter were used to measure the current
being used by the motor, pull load current for this motor at 220 volts was
9.6 amperes. The ammeter was equipped with a by-pass switch to protect it
from initial starting overload. The watt-hour meter wee e 15 ampere, 480 volt,
3 phase, 3 wire meter with e 28.8 Kh factor.
The mill was equipped with a two way butterfly valve so the ground mate-
riel could be sacked off directly below the mill or would be conveyed pneumat-
ically into a cyclone type collector end sacked off. The cyclone was equipped
with a butterfly valve and two sack off positions.
The amount of materiel ground waa weighed on « platform scele and
recorded efter each test. Heavy canvas sacks were used for ell ground materiel
to prevent loss of fines during handling.
Peripheral Speed
The feed rate was adjusted so that the motor loed was at 9.6 amperes.
After e full load current rating had been maintained for sometime with the
valve aet on fan discharge and the speed of the rotor had been checked, e test
wee made by diverting the ground material into an empty sack below the mill
with the two-way valve. Watt-hour meter revolutions of the disc snd time were
lured by visual observation and by timing with a stop wstch.
The length of e test varied according to the production rate. For a
large screen with high production rate, the teats were shorter than those with
smaller screens. The test was wade until it was estimated that 20 or more
pounds of material had been ground. The length of a test ranged from 18 sec-
onds to 3 minutes and 36 seconds. If necessary the feed rate waa adjusted
during the teat to maintain a full load on the motor. At the end of the teat,
the material waa diverted back to the fan discharge. All the teats were made
in duplicate. A "series" consisted of four screen sises at two tests per
screen. Before each "series", a "no load" teat was taken to determine the
power required by the mill when running empty.
The peripheral speed of the hammers was rhsnmsd by changing pulleys en
the motor and mill.
After each teat the number of disc revolutions, net weight of material
during the teat, and time were recorded. Knowing that 28.8 watt-hours
per disc revolution and the weight of material ground from these
revolutions, the efficiency in pounds per kilowatt hour were calculated.
The peripheral speeds used and the corresponding rpm of the mill shaft
are Hated below:
m Peripheral Speed
(Feet per minute)
4285
3525
2610
1765
1395
17,200
14,164
10,470
7,080
5,600
lech apeed waa used with each else and each grain with all four screen
An inclined tube
Air Flow
X x
pilot tube were used to measure the volume
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of *ir through the nil 1. The air flow rates used ware 0, 424 and 582 cubic
feet per minute. The air flow was controlled by a valve shown in Plate II.
The air flow testa were conducted in the ssme Banner aa the peripheral
teats except the aack-of f below the cyclone waa uaed for collecting
Sampling Procedure
The duplicate testa employed consisted of two canvas sacks each contain-
ing 20 to 70 pounds of ground material. Two samples of one gallon each were
from each canvas sack with a hand scoop in the following manna i-
The canvas sacks were denoted as A and B, and the small cans
taken from them as a-, a, and b^, b^, respectively. Twelve scoop-
fuls of materiel was taken from sack A. The aiae of the scoopfule
were regulated by the amount of materiel in the aack so the samples
taken were representative of the whole aack. Scoopful numbers
three and six were used for sample aj and numbers nine and twelve
lample a2 . The same procedure was uaed for B.
Samples aj, a2 , bl$ and b2 were uaed for fineness testing.
Fineness Betermination
The fineness determinations were made by the "Modulus of Fineness"
and the "Modulus of Uniformity methods adopted in 1940 by the American Society
of Agricultural Engineers end by the American Society of Animal Production (1),
except that a 200 mash sieve was added to the recommended standard.
A five-minute test with 500 gram samples, using screens 3/8, 4, 8, 14,
28, 48, 100 and 200 mesh, waa aifted on e ro-tap. The overs of the 200 mesh
did not enter into the fineness modulus or the modulus of uniformity but were
m PLATE II
A close view of the air control valve.
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PLATE II
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used in the surface eras calculations.
All weights uuder 20 grams vara weighed to the nearest one-tenth
Ixamplea oi calculations of Modulus of Uniformity, Modulus of Fineness
aad surface area can be found in Appendix A end 1.
Absolute Density Determinations
The procedure used for the determination of absolute density was similar
to that used by Sharp (10). foluene was used to determine the volume dis-
placement of e known weight of grain. A small sample of greln (40 to SO grams)
mas put in a 100 milliliter volumetric flask of a known weight and the flask
wee filled with toluene. The specific gravity and the weight of the colt
used were known so the volume was determined by:
where Vt • Volume of the toluene.
Wt - weight of the toluene.
Dt « Density of the toluene.
The volume displacement oi the grain was determined by:
g
- 100 - v
t
where V- - Volume of the grain.
100 - Totel volume of the flesk.
The absolute density of the grain was determined by:
D »
W - Weight of the grain,
ity of the grain.
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All weight* were accurate to one-hundredth of « gram. Care wee taken to
all air bubbles in the grain mess by gently swirling the grain and
toluene mixture before completely filling the flask.
Partial vacuum over the toluene was used when the density of oats war*
being determined. This was don* to aid in the removal of *ntrapp*d *ir
the hull and the groat.
BNLTS
Effect of Peripheral Speed, Screen Opening and Hammer width
Mllo. The effect of peripheral speed on efficiency and particle sise
during the grinding of mllo, using 1/16 inch wide hammers, is shown in
Figures 1 and 2. There was an increase in efficiency with all screen sise* as
the peripheral speed we* decreased from 17,200 to 10,470 feet per minute
(Figure 1). The mmmmmml efficiency of the 1/8 inch screen was *t 7,080 feet
per minute. The high efficiency rat* with the large screens and slow spssds
war* du* to the fact that very little reduction waa taking place. The effect
of peripheral speed on fineness modulus when grinding mllo with 1/16 inch wide
hammers is shewn in Figure 2. Decreasing the speed resulted in a coarser
grind with all screens.
The actual values plotted in Figures 1 and 2 and other data are tabulated
in Table 1. Each value of surfsee area, fineness modulus and modulus of uni-
formity shown in Table 1 ia an average of four teat*. The efficiency figure*
hewn in Tabic 1 are an average ef two tests. (The number of these tests used
for e given vela* applies to all data in the theaia.)
Table 1 show* that aurfece are* generally increased as the speed increased
for any given screen sice.
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It can b« seen in Table 2 that there was similar particle sizes produced
with the 1/4 inch ecreen at 14,164 feet per minute and th» 3/16 inch screen at
10,470 leet per minute. However, the slower speed had an efficiency of
1,057 #/EVH and the faster speed had an efficiency of 893 #/KVH. The results
sre tabulated as follows:
NLlo - 14,164 ft./mtn. e 1/4 inch screen.
Efficiency
(#/EHH) F.M. M.U. S.A./Gm.
893 3.06 1:7:2 94.3
Kilo - 10,470 it./sdn. - 3/16 inch screen
Efficiency
(#/XWH) F.M. M.U. S.A./0m.
1057 3.06 0:8:2 91.5
Figures 3 and 4 show the effect of peripheral speed on efficiency and
fineness while grinding milo with 1/8 inch wide hammers. There was a definite
Increase in efficiency with the three larger screen sises when the speed was
decreased from 17,200 feet per minute to 7,080 feet per minute. The trend waa
very similar to that observed with the 1/16 inch hammsrs. There was s general
Increase in particle sise through a given screen as the speed was decreased
from 17,200 feet per minute to j,600 feet per minute (Figure 4).
The relationship of peripheral speed to surface erea, fineness modulus
end efficiency is shown in Table 2. When a given screen size was used there
waa a decrease in surface area as the speed was decreased.
Figures 5 and 6 summarise the effect of peripheral speed on efficiency
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FIGURE 3. EhFECT OF PERIPHERAL
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GRINDING MILO WITH 1/8 INCH
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alio was ground with 1/4 Inch vide
Increase In efficiency with all screens as the speed ves decreased froa 17,200
feet per alnute to 7,080 feet per alnute. In general, there vas lower
efficiency with the 1/4 Inch haaners then with the 1/8 Inch Insane. A de-
speed gave a coarser product when alio was ground with 1/4 Inch
(Figure 6).
Table 3 shows the effect of peripheral speed on efficiency, fineness
aodulus end surface area per grea of Material. Surface area shows the seae
trend when the 1/4 inch haaaars are used *s when the 1/8 and 1/16 inch are
cinj'-j.i;yed.
The relationship of 1/4, 1/8 and 1/16 inch haaasrs during the grinding of
alio isshown In Figure 7. The wider haaasrs were lees efficient at all speeds.
Corn . The effect of peripheral speed on efficiency and particle sise
when corn is ground with 1/16 inch haaasrs is hown In Figures 8 and 9. The
peak efficiency for the three sasller screens ves at 10,470 feet per alnute
(Figure 8). The peak efficiency of the 1/4 inch screen wss st 7,080 feet per
There wee en increase In particle sise with all screens es peripheral
• decreaaed (Figure 9).
The effect of peripheral speed on efficiency, fineness aodulus and surface
aree per grea when corn is ground with 1/16 inch haaasrs is shown In Table 4.
With the exception of the two higher speeds, there was a decrease in surface
area with a decreased peripheral speed. There was greater efficiency during
the grinding of alio with 1/16 inch haaasrs than when corn vaa ground with
1/16 inch haaasrs st the seae speed end the esae screen else.
The effect of peripheral speed on efficiency and particle sise during the
grinding of com with 1/8 inch haaners is shown in Figures 10 and 11. The peak
efficiency waa at 10,470 feet per alnute with the three sasller screens. The
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FIGURE 6. EFFECT OF PERIPHERAL
SPEED ON FINENESS WHEN
GRINDING MILO WITH 1/4 INCH
HAMMERS
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HAMMER WIDTH
O- 1/16 IHCH
5.0 TS 10.0 12J KM
HAMMCT TIP SPEED 1,000 FT./MW.
17.5
06. 7. EfFECT Of PERIPHERAL SPEED AND HAMMER WIDTH
OH HAMMERMIU PERFORMANCE. (MI10-1/B INCH SCREEN)
19
it efficient peripheral speed involving the use of the 1/4 inch sere*
at 7,080 feet per minute. The efficiency when corn was ground with the 1/8
inch haaners was not so great es du ing the grinding of alio with 1/8 inch
There was e gradual increase in fineness with a higher peripheral
(Figure 11).
Table 5 shows the effect of peripheral speed on the efficiency, fineness
aodulus and surface area per grsa when corn is ground with 1/8 inch haaners.
Without exception, the surface area decreased with a given screen opening es
the speed was decreased.
The effect of peripheral speed on efficiency and granulation during corn
grinding with 1/4 inch haaners is shown by Figures 12 and 13. The peek
efficiency of the two smaller screens was at 10,470 feet per minute, and the
peek efficiency of the two larger screens wes st 7,080 feet per minute
(Figure 12).
There was an increase in particle else with a decrease in speed (Figure
13).
Table 6 shows that surface erea per grsa increased tm the speed was in-
creased.
The relationship of three different hammer widths when corn was ground
through a 3/16 inch screen is shown in Figure 14. At the two higher speeds
the 1/16 inch hammer wee the most efficient, while the three lower speeds the
1/8 inch hammer was the most efficient.
Oats . The effect of peripheral speed on particle size and efficiency
during the grinding of oats with 1/16 inch haaners is shown in Figures 15 sad
16. The highest efficiency with the three smaller screens wee at 10,470 feet
per minute. The highest efficiency with the 1/4 inch screen was at 7,080 feet
per minute. There was a decrease in particle size with an Increased speed
20
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(Figure 16).
The relationship of Modulus of uniformity, fineness Modulus, surface area
and efficiency in grinding oats with 1/16 inch hasners is shown in Table 7.
The effect of peripheral speed on efficiency and particle else when oats
were ground with 1/8 inch haawrt is shown in Figures 17 and 18. The highest
efficiency when the three smaller screens were used was st 10,470 feet per
minute. The highest efficiency with the 1/4 inch screen was at 5,600 MM P*r
minute {Figure 17). Ferticle sise decreased es the speed increased (Figure 18),
The surface area Increased as the speed la increased when using 1/8 inch
heaeers (Table 8).
The effect of peripheral speed on particle sise and efficiency during the
grinding of oats with 1/4 inch hsnsssrs is shown in Figures 19 and 20. The
highest efficiency with the two smaller screens wee at 10,470 feet per minute.
The highest efficiency with the 3/16 inch screen was at 7,080 feet per minute.
The highest efficiency with the 1/4 inch screen wes at 5,600 feet per minute
(Figure 19).
There was a decrease in particle aise with an increased speed (Figure 20).
The relationship of surface area and modulus of uniformity to peripheral
speed when oats were ground with 1/4 inch hammers is shown in Table 9.
The effect of hammer width on grinding efficiency end particle sise is
shown in Figure 21. The 1/16 inch hammers were the most efficient followed by
the 1/8 inch and the 1/4 Inch. There was less difference in efficiencies at
slow speeds than st high speeds.
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Table 1. Effect of peripheral speed
(Kilo - 1/16 Inch 1
on hansel
learners)
irsd.ll performance.
Speed
(Ft./sdn.)
1,,,,-M 3/32 inch screen : 1/8 inch screen
x #/*WH 1 F.M. 1 M.U. :S.A./Gm. : #/TWH : P.M. : M.U. :S .A. /Cm.
17,200 314 1.87 0:3:7 176.9 419 2.18 0:5:5 143.5
14,164 466 2.10 0:5:5 145.6 678 2.44 0:6:4 122.0
10,470 579 2.61 0:7:3 100.4 910 2.83 0:7:3 113.4
7,080 511 2.81 0:7:3 113.1 934 3.33 0:9:1 73.4
5,600
17,200
399 3.03 0:8:2 89.S 776 3.52 0:9:1 61.5
3/16 Inch screen •• 1/4 inch screen
#/KWH : : F.M. : M.U. :S.A./Gm. : #/KWH : P.M. : M.U. if .A. /Gnu
111.4572 2.51 0:6:4 118.8 712 2.74 1:6:3
14,164 916 2.76 0:7:3 103.0 1175 3.16 1:7:2 79.4
10,470 1324 3.11 0:8:2 99.0 1948 3.58 2:7:1 47.5
7,080 1693 3.66 1:8:1 62.4 2873 4.19 4:6:0 36.5
5,600 1722 4.49 6:4:0 25.2 1
*Test omitted because of e lerge per cent of whole alio.
-m™
Table la. Analysis of the grains used in Table 1.
Average :
Moisture 13.71 13.3 - 14. OX
Protein 8.8X 8.6 - 8.91
st Weight
• 58.3 #/bu. 57.9 - 58.9 #/bn.
Absolute Density 1.227 g./cc. 1.20C - 1.237 g./cc.
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Table 2. Effect of peripheral speed cm hanmemili perfonsana
(MLlo - 1/8 inch haouers)
Is
Speed
(Ft./nLn.
• 3/32 inch scre*i> , i/a inc-.u
tS.A./Gn.) : #/KWH : P.M. : M.U. :S.A./Gd. l #/M • K#a» M.U. :
17,200 193 1.85 0:3:7 158.5 265 2.a 0:5:5 142.7
14,164 322 2.04 0:4:6 154.2 502 2.31 0:5:5 137.6
10,470 427 2.29 0:6:4 143.9 710 2.76 0:7:3 109.8
7,080 414 2.73 0:7:3 103.7 862 3.23 0:8:2 82.9
3,600
17,200
324 3.01 0:8:2 89.3 693 3.45 0:9:1 64.2
3/16 inch screen •
: fr/WH
1/4 inch
: P.M. :
screen
M.U. | S.A./&I."Mf : P.M. : M.U. :S.A./Cm.
326 2.40 0:6:4 135.6 396 2.62 0:6:4 130.6
14,164 653 2.72 0:7:3 115.1 893 3.06 1:7:2 94.3
10,470 1057 3.06 0:8:2 91.5 1530 3.52 1:8:1 65.6
7,080 1307 3.65 1:8:1 60.2 2467 4.16 4:6:0 34.4
S,600 1480 4.01 3:6:1 48.3 3263 4.52 6:4:0 29.5
Table 2a. Analysis of the grains used in Table |2.
Average : IflSJl
Hoisture 14. IX 13.6 - 14.31
Protein t.0| 8.6 - 8.9X
Test Height 37.0 #/bu. 57.0 - 58.4 #/bu.
Absolute Density 1.230 g./cc. 1.207 - 1.248 g./cc.
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Table 3. Effect o f peripheral speed
(Milo - 1/4 inch !
on hasnersdll performance.
laassers)
(Ft./nin.
•
* 3/32 inch scnsa •* 1/8 inch screen
) t #/wi : F.M. t M.U. :S.A./Ga. : 4/nm • r eft* I M.U. :S .A. /Gin.
17,200 124 1.94 0:7:3 151.1 186 2.32 0:5:5 128.4
14,164 252 2.16 0:5x5 126.4 395 2.46 0:6x4 117.7
10,470 331 2.38 0:6:4 107.6 594 2.77 0:7x3 95.7
7,080 351 2.76 0x7:3 94.2 749 3.20 0x8:2 73.9
5,600
17,200
279 3.01 0:8:2 71.1 645 3.44 0:9:1 55.3
3/16 inch screen | 1/4 inch screen
#/MI : F.M. : M.U. xS.A./Gq. : #/xWH : F.M. : M.U. || •A. /Go.
230 2.48 0x5x5 118.7 282 2.65 0:6x4 108.1
14,164 S44 2.70 0x7:3 107.2 668 2.82 0:7:3 93.3
10,470 955 3.16 0x8:2 78.2 1340 3.44 1:7x2 65.6
7,080 1448 3.76 1x8x1 48.6 2423 4.14 3:6:1 36.0
5,600 1373 4.14 4:6:0 35.5 3279 4.69 7:3:0 22.5
Table 3a. Analysis of the gral.ns used in Table 3.
Average •• Range
Moisture 14.61 14.4 - 14.71
Protein t.8X 8.4 - 8.91
Test Weight 59.8 #/bu. 59.6 • 60.1 #/bu.
Absolute Density 1.263 g/cc 1.260 - 1.270 g/cc
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fable 4. Effect of peripheral speed on Ims—isAll performance.
(Corn - 1/16 inch banners)
Speed
(Ft./sdn.
:
„„„._
3/32 inch screen : 1/8 inch screen
| | #/KWH : F.M. M.0. :S.A./Ga. : #/KWH : F.M. | M.U. :S .A. /Gnu
17,200 161 2.32 0:4:6 102.3 220 2.69 0:5:5 85.7
14,164 232 2.52 0:5:5 103.6 345 2.71 0:6:4 91.8
10,470 24S 2.62 0:6:4 90.0 366 3.00 0:7:3 75.2
7,080 163 2.86 0:7:3 77.0 287 3.25 0:8:2 64.9
3,600
17,200
111 2.96 0:7:3 72.8 219 3.31 0:7:3 60.4
3/16 lnch screan •* 1 lL fcMh.
#/EHB : F.M. : M.U. :S.A./Gn. : #/KHH WeRe M.U. :8 .A. /Ob*
275 2.88 0:6:4 76.1 338 3.14 1:6:3 66.8
14,164 475 2.95 0:7:3 80.7 578 3.26 1:7:2 69.5
10,470 558 3.37 1:7:2 59.2 753 3.69 3:6:1 49.2
7,080 555 3.71 2:6:2 47.3 892 4.09 4:5:1 36.5
5,600 482 3.85 3:5:2 46.7 840 4.27 5:4:1 27.1
Table 4a. Analysis of the grains used in Table 4.
Average *• Range
Moisture 13.4X 13.2 - 13. 8Z
Protein 8.71 8.6 - 8.91
Test weight 57.4 #/bu. 56.9 - 57.8 #/bu.
Absolute Density 1.229 g/cc 1.225 1 - 1.232 g/cc
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Table 5. Effect of peripheral speed on haaea
(Corn - 1/8 inch haaners)
radii performance.
Speed
(Ft. /eta.
t 3/32 Inch acrean e 1/8 inch screen
) : #/KWH W«Re M.U. :S.A./Gm. : #/KWH • f •He * M.U. :S .A./G*.
17,200 122 2.20 0:7:3 120.1 174 2.52 0:5:5 101.3
14,164 192 2.35 0:6:4 111.4 297 2.72 0:6:4 91.5
10,470 217 2.52 0:6:4 101.8 353 2.88 0:7:3 82.8
i,m 139 2.72 0:6:4 91.6 233 2.99 0:7:3 74.0
5,600
17,200
110 2.87 0:7:3 79.9 224 3.19 0:7:3 67.5
.1/1,6 Irirh »« : 1/4 l^fti/m : P.M. : M.U. :S.A./Gm. : J/EUH : F.M. : M.U. rS.A./Oa.
211 2.74 0:6:4 92.4 282 2.80 0:6:4 87.1
14,164 405 3.04 0:7:3 84.7 501 3.16 1:6:3 74.2
10,470 590 3.19 0:7:3 69.6 772 3.52 2:6:2 59.5
7,010 560 3.64 2:6:2 53.6 835 3.98 4:5:1 44.4
5,600 504 3.68 3:5:2 51.4 810 4.22 5:4:1 37.2
Table 5a. Analysis of the grains used in Table 5.
Average : Range
Hoisture 13.41 13.2 - 13.61
Protein 8. IX 8.6 - 8.9X
Test weight 58.2 #/bu. 57.4 - 59.3 #/bu.
Absolute Density 1.229 g/cc 1.225 - 1.232 g/cc
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Tabic 6. Effect of peripheral speed on baonernill perforssmci
(Corn -1/4 Inch hassssrs)
l«
Speed
(Ft./min.
t 3/32 inch screen : 1/8 inch screeu
) : t/txm. : F.M. : M.U. :S.A./Cm. : #/XWH : F.M. : M.U. : S.A./Gm.
17,200 89 2.14 0:3:7 118.8 138 2.52 0:5:5 103.5
14,164 161 2.34 0:6:4 112.3 240 2.60 0:5:5 100.0
10,470 187 2.54 0)6:4 93.7 30
1
2.99 0:7:3 76.1
MM 134 2.85 0:6:4 78.7 265 3.14 0:7:3 63.3
5,400
17,200
87 2.89 0:6:4 71.2 202 3.30 0:7:3 58.4
| 1/4 inch 3creen
#/KVH : F.M. : M.U. : S.A./Gm. I #/KUH : F.M. : M.U. : S.A./Gm.
164 2.75 0:6:4 89.0 198 3.04 1:6:3 79.4
14,164 332 2.88 0:6:4 81.4 398 3.17 1:6:3 84.5
10,470 480 3.33 1:7:2 58.4 667 3.47 2:6:2 55.4
7,080 522 3.68 2:6:2 45.9 850 4.09 4:5:1 39.4
5,600 469 3.89 3:5:2 43.5 790 4.22 5:4:1 33.6
:
Table 6a. Analysis of the grains used in Table 6.
Average • Bang.
Moisture 13.41 13.2 - 13.61
Protein 8.8Z 8.4 - 8.91
1Test weight 58.0 #7bu. 57.5 - 58.4 #/bu.
Absolute Density 1.229 g/cc 1.225 - 1.232 g/cc
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Tabic 7. Iffeet of peripteral •peed on teoooiojlll perfonomei
(Oats 1/16 inch Iincome)
»•
(Ft.Mn. ) : #AM8 t F.K.
j/d inch screen
: H.D. :5.A./0n. : #/kttB : r.M. | H.B. 1 S.A./Oew
17,200 114 2.22 0:3:5 122.1 155 2.45 0:6:4 111.7
14,164 105 2.42 0:5:5 90.2 177 2.69 0:7:3 09.9
10,470 121 2.44 0:6:4 104.5 199 2.06 0:7:3 04.7
7,000 77 2.70 0:7: 3 05.4 145 3.15 0:5:2 70.5
5,000
17,200
62 2.06 0:7:3 77.0 100 5.24 0:0:2 61.2
1/4 inch screen
#7KWB t F.K. : M.0. :S.A./0«u : */*M8 : F.K. : H.U. | R.A./tosu
220 2.0S 0:7:3 00.4 512 2.94 0:7:3 07.1
14,164 263 5.03 0:7:3 64.3 407 5.52 0:0:2 55.9
10,470 556 3.24 0:8:2 67.6 581 5.50 1:0:1 51.2
7,000 556 5.56 1:6:1 50.6 009 5.99 2:7:1 54.5
5,000 272 5.76 It0:1 43.2 671 4.24 4:6:0 29.0
Tabic 7c. Anelyels of the groin* «*•<* ** Table 7.
Average I tUii - 1
Moisture 11.32 11.2 - 11. 7X
Protein 12.n 12.7 - 15.21
Teat Weight 42.7 #/te. 42.5 • 42.9 #/bu.
Absolute Density 1.510 g/cc 1.299 - 1.522 g/ec
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Table 8. Effect of peripheral speed on haaeenii.il performance.
(Oats - 1/8 inch hamners)
Speed
(Ft. /»tn.
• 3/32 inch sit— *• 1/8 inch screen
) : #/KWH i : F.M. : M.U. :S.A./Gm. : #/KWH : F.M. : M.U. :S .A. /Cm.
17,200 69 2.19 0:5:5 126.3 98 2.34 0:5:5 117.9
14,164 75 2.23 0:5:5 109.3 154 2.56 0:6:4 106.2
10,470 98 2.34 0:6:4 112.9 170 2.79 0:7:3 92.4
7,080 74 2.69 0:6:4 88.4 128 3.07 0:8:2 74.5
5,600
17,200
55 2.81 0:7:3 84.4 100 3.14 0:8:2 72.1
3/16 inch screen : 1/4 inch scree.
#/WH J F.M. : M.U. :S.A./Gm. : #/KWB : F.M. : M.U. :S .A. /Gm.
132 2.66 0:6:4 98.4 197 2.82 0:7:3 86.5
14,164 237 3.07 0:7:3 94.0 356 3.26 0:8:2 75.8
10,470 303 3.02 0:8:2 74.8 511 3.49 1:8:1 59.0
7,080 302 3.51 0:8:2 60.0 584 3.86 2:7:1 39.7
5,600 251 3.73 1:8:1 46.8 630 4.23 4:6:0 30.4
1
Table 8a. Analysis of the grains used in Table 8.
Average •e Range
Moisture 10. 8Z 9.6 - 11.91
Protein 13.41 13.1 - 13.91
!Test Weight 42.9 #/bu. 42.4 - 43.1 #/bu.
1Absolute Density 1.304 g/cc 1.298 - 1.310 g/cc
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Table 9. Effect of peripheral speed on 1m— iet11 perfoi
(Oats I 1/4 Inch haaewrs)
Speed : 3/32 inch ac.eeTi : 1/8 inch scree.
(Ft. /mia.) : 4/Km : F.M. : K.0. || .A. /On. : *mm : F.M. M.U. : S.A./Gbu
17,200 45 2.24 0:4:6 111.8 74 2.40 0:5:5 106.2
14*164 58 2.26 0:5:5 98.5 96 2.55 0:6:4 86.1
10,470 69 2.50 0:6:4 96.3 126 2.81 0:7:3 85.4
7,080 62 2.67 0:6:4 87.3 117 3.07 0:8:2 72.4
5,600 55 2.80 0:7:3 78.2 100 3.19 0:8:2 62.4
3/16 ineh eares* •• 1/4 inch
M.D. :#/H : F.M. : M.U. :S .A./(Jm. : #/KWH *•»• 2 S.A. /On.
17,200 107 2.61 0:6:4 100.9 152 2.92 0:7:3 92.7
14,164 161 2.34 0:7:3 75.1 247 3.24 0:8:2 62.3
10,470 270 3.24 0:8:2 66.6 470 3.54 1:8:1 54.6
7,080 290 3.54 1:8:1 51.3 628 3.96 2:7:1 38.0
5,600 243 3.73 It 8:1 44.7 650 4.21 4:6:0 30.9
Table 9a. Analysis of the grains used in Table 9.
flMnapi
Moisture 11. 4X U.l - 11. 7X
Protein 13.01 12.6 - 13. 2X
Test Height 43.1 #/bu. 42.6 -43.3 #/bu.
Abeelute Density 1.303 g/cc 1.294 - 1.310 g/cc
3k
Effect of Air Flow
Corn , The effect of elr flow on Iishbw ihI.1I performance In corn grinding
is shown in Tables 10, 11, 12 and 13. The effect of elr flow on efficiency is
shown in Figaros 22, 23, 24 and 25. Air flow had very little effect on parti-
cle size and efficiency within the ranges tested. There was always an increase
in efficiency when the elr flow was Increased froa aero to 424 C.F.M. In see*
cases there was an increase In efficiency froa 424 to 582 C.F.M.
Oats . The effect of elr flow on lmaat will performance in oats grinding
is shown in Tables 14, IS, 16 and 17. The effect of air flow on efficiency is
hewn in Figures 26, 27, 23 end 29. In general there was an increased effi-
ciency when the air flow was increased froa aero C.F.M. to 424 C.F.M. In some
cases there was an additional Increase in efficiency when the elr flow wee
increased froa 424 GUM. to 582 C.F.M.
i
DISCUSM
Peripheral gpaed
The results show that slower tuianaial.il speeds ere generally acre effi-
cient than higher speeds. This confirms the work of Silver (11) end re-
—
yhsslies Friedrlch's (7) statement that "impact velocity le one of the most
important factors in pulverizing herd and large pieces."
The speed at which a hsaairal.il is operated eeeae to be dependent upon
the particle sise end particle else distribution desired. If the prime objec-
tive in e grinding operation le efficiency and a slight difference in particle
sise and distribution can be neglected, slower epeeds (7,080 - 10,470 feet per
minute) are the most desirable.
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FIG. 22 EFFECT OF AIR FLOW ON EFFICIENCY WHEN GRINDING
CORN AT 7,080 FT./MIN., USING 1/16 IN. HAMMERS
FIG. 23 EFFECT OF AIR FLOW ON EFFICIENCY WHEN GRINDING
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FIG. 25 EFFECT OF AIR F10W ON EFFICIENCY WHEN GRINDING
CORN AT 14,164 FT./MIN., USING 1/4 IN. HAMMERS
FIG.24 EFFECT OF AIR FLOW ON EFFICIENCY WHEN GRINDING
CORN AT 7,080 FT./MIN., USING 1/4 IN. HAMMERS
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FIG.26 EFFECT OF AIR FLOW ON EFFICIENCY WHEN GRINDING
OATS AT 7,080 FT./MIN., USING 1/16 IN. HAMMERS
FIG. 27 EFFECT OF AIR FLOW ON EFFICIENCY WHEN GRINDING
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FIG.28 EFFECT OF AIR FLOW ON EFFICIENCY WHEN GRINDING
OATS AT 7,080 FT./MIN., USING 1/4 IN. HAMMERS
FIG. 29 EFFECT OF AIR F10W ON EFFICIENCY WHEN GRINDING
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Hammer Thickness
(3) and Friedrlch (7) have indicated that a thinner hammer gives
greater efficiency. The results presented here ere in agreement with these
previous vorks. It should be pointed out, however, that the number of hammers
aey have e significant effect.
Ho atteapt was aade to maintain a constant total striking area. There
were thirty 1/4 inch heaaers and 45 each of the 1/8 and 1/16 inch heavers used
in ell tests.
Kind of Grain
Oats were the most difficult to reduce, followed by corn and alio; these
results ere In agreement with those of Baker (3) and Silver (11).
Opening
In all cases ee atght be expected, there was greater efficiency as the
particle else increased with larger screen
Air Flow through the Hill
There wee no appreciable effect of air flow on efficiency and particle
slse within the ranges of sir flow used.
Meed for Further Study
There ere still many fectors effecting heaaeraill performance which would
aerit further study; some of these ere: haaner tip end screen clearance,
number of heaaers, and the shape end nuaber of screen openings. Additional
research on hammer width may be rewarding.
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Another area of Importance is the flow of particles through the Bill sad
the effect of interpartlcle collision, (fork with high speed films in this
aspect my suggest many design features which will improve hammermlll performance.
Veripherel
1. In ell esses peripheral speeds less than the normal
speeds for I— mills gave most efficient reduction.
2. Particle else Increased as the peripheral speed decreased.
3* In most esses, when the particle else was maintained uniform, there
ves greater efficiency in the reduction, if the peripheral speed was
and the diameter of the screen opening decreased.
4. It was found that a peripheral speed greater then the recc
speed for this mill gave a smeller particle siee, end reduction was less
efficient for e given screen opening.
5. Peripheral speed effected efficiency more with the larger than with
the smaller screens.
Thickness
1. In generel, the most efficient hammer mas the 1/16 inch, followed by
the 1/8 end the 1/4. There were some exception*
2. Hammer width differences did not result in e large variation in
particle size.
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Kind of Grain
Itm found Chat gdlo reduced the aoet efficiently, followed by com end
Opening
Zn all cases there was greater efficiency as the particle sise increased
with a larger screen opening.
Air Plow through the Kill
It was found that air flow through the mill had no great effect on
11 performance within the limits tested.
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APPENDIX A
les of "Modulus of Fineness"
"Modulus of Uniformity"
The following Tables show examples of calculations of "Modulus of Pine-
j" and "Modulus of uniformity". The methods were adopted by the American
Society of Agricultural Engineers and by The American Society of Animal Pro-
duction, (1) except that a 200 mesh sieve was added to the recommended standard.
This alteration, however, did not affect the "Modulus of Fineness" or the
"Modulus of Uniformity".
Table 18. Sample calculation of PI Modulus.
:Per cent of:
Screen Mesh : material on:
(Tyler Number): each screen: Factor
:
t
: Product
3/8 0.0 S 7 0.0
4 0.0 x 6 0.0
8 4.0 x 5 20.0
14 7.0 x 4 28.0
28 52.9 x 3 IJi.C
48 19.0 x 2 38.0
100 7.6 x 1 7.6
200 7.0 x 0.0
Pan 3.4 x 0.0
Totals 100.0 249.6
Modulus of Fineness - 249.6 f 100 - 2.50
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Table 19. Sample calculation of Modulus of Uniformity.
CA) : (Bl (« : <M : OS)
: : : Figures from
: Per cent t : :(D) rounded
Screen mesh : material on: Totals : to nearest
(Tyler number): each screen: from (B): : whole number
Coarse
3/8 0.0
4 0.0
8 4.0 4.0 * 10 - .4
medium
'1
U 7.0
23 52.0 59.0 r 10 - 5.9 6
Fine
m 19.0
100 7.6
200 7.0
Pan 3.4 37.0 r 10 • 5.7 4
The figures.0:6:4 express the Modulus of Uniformity.
APPBDXX 8
Surface Area Determination
The surface area was determined by sieve analysis. A Tyler Ro-Tap was
used with the following serlee of screens: 3/3, 4, 8, 14, 28, 48, 100, 200
ash and
]
pan. The particles were considered to be cubes. Therefore, the tur-
face area of e given number of particles with diameter (d) would be:
Surface area 6d2 times the number of pertides.
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The nuaber of particles over a given screen would be equal to the total
over the screen divided by the weight per particle. The weight per
particle is equal to its true density times voliase. Therefore, the surface
area over e given screen is:
Surface area - ^Jf^Z^t4\ t^T *f^T}•"^ ^^ Density (Particle Diameter)
Percentage ef Material over each screen was used in the formula instead
of weight. The surface areas of all the screens were totaled end surface area
wee expressed as square centimeters per grsa.
The disaster of the particles over e given screen was considered to be a
logarithmic average of the disaster of the openings of the screen the asterial
wer end the diameter of the screen from which the particles hsd
through.
Screen openings used in the calculations are shown in the following
table. The values for the screen openings were taken from The U.S. Tyler
Catalogue Mo. S3 (2).
Table 20. Screen <^nlafj uaed In the calculation of surface area.
Slav*
(Tyler Mean) i
i Actual opening
(Millimeters)
: Opening uaed in calcu-
: latlon of S.A./Cm. (no)
m 9.423 13.33
4 4.699 6.680
8 2.362 3.327
14 1.168 1.651
.589 .833
48 .295 .417
100 .417 .208
200 .074 .104
Pan tHPW .033
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Table 21. Sample calculation of Surface Area. 1
;6 (Per cent over a Riyen screen);
Screen mesh : (Density) (Particle Disaster) .'Surface
(Tyler Mafcer): (Cm.) : area
3/8 1.3 x 1.333 °-°
4
1J I ?66d0 0-0
• 6 a ,04 ..
1.3 x .3327 * 55
14 * » ,Q7 . ~
6 i?
6x0
.3 x . 3
6 *
.
6 x
.0
1.3 x .1651
6 1 • 52
1.3 x .0833
6 * .1?
1.3 x .0417
6 x
.076
1.3 x .0208
6 x
.07
1.3 x .0104
fcl jm
21.03
100
I : "»
200 H ! 31.07
1.3 x .0053 29 - 61
Total Surface Area (cc/gn.) •> 129.89
*The percentages used are the seas as those used in
Tables 18 and 19, except they are expressed as decimals.
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Com, oats and alio vera raduced with a 7 1/2 horsepower experimental
111. The particle size of the product and the efficiency of production
vere studied aa they ware affected by the following factors:
(a) Peripheral speed
(b) Hawser thickness
(c) Kind of grain
(d) Screen opening
(e) Air How through the sd.ll
It was found that the reduction of the peripheral speed frest the recow-
wended gave an increase in particle size and that met slower speeds were wore
efficient.
In sows cases the sews particle size could be obtained by a reduction in
peripheral speed and e decrease in the screen openings.
Peripheral speeds greater than the recoawended gave a decreesed particle
size end the reduction was less efficient for a given screen opening.
The peripheral speed effected efficiency to a greater degree with larger
screens than with awaller ones.
It was found that in wost cases the 1/16 inch wide hawsers were wore
efficient than 1/8 inch, and the 1/8 inch wore efficient than the 1/4 inch.
The investigations shewed that odlo was reduced the wost efficiently,
followed by corn and oata.
The air flow through the will had no greet effect on particle size and
efficiency.
There wee always greater efficiency aa the screen openings were enlarged.
